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Abstract: Information on spectral emissivity (SE) is vital when retrieving and evaluating land surface 30 
temperature (LST) estimates from remotely sensed observations. SE measurements often come from 31 
spectral libraries based upon laboratory spectroscopic measurements, with uncertainties typically 32 
derived from repeated measurements. To go further, we organised a ‘round-robin’ inter-comparison 33 
exercise involving SE measurements of three samples collected at seven different international 34 
laboratories. The samples were distilled water, which has a uniformly high spectral emissivity, and 35 
two artificial samples (aluminium and gold sheets laminated in polyethylene), with variable 36 
emissivities and largely specular and Lambertian characteristics. Large differences were observed 37 
between some measurements, with standard deviations over 2.5 – 14 μm of ± 0.092, 0.054 and 0.028 38 
emissivity units (15.98%, 7.56% and 2.92%) for the laminated aluminium sheet, laminated gold sheet 39 
and distilled water respectively. Wavelength shifts of up to 0.09 μm were evident between spectra 40 
from different laboratories for the specular sample, attributed to system design interacting with the 41 
angular behaviour of emissivity. We quantified the impact of these SE differences on satellite LST 42 
estimation and found that emissivity differences resulted in LSTs differing by at least 3.5 K for each 43 
artificial sample and by more than 2.5 K for the distilled water. Our findings suggest that variations 44 
between SE measurements derived via laboratory setups may be larger than previously assumed and 45 
provide a greater contribution to LST uncertainty than thought. The study highlights the need for the 46 
infrared spectroscopy community to work towards standardized and inter-laboratory comparable 47 
results. 48 
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 51 
1. Introduction 52 
Spectral emissivity (SE) is an intrinsic material property, defined as the ratio (0 to 1) of the 53 
electromagnetic radiation emitted by an object at a particular wavelength to that emitted at the same 54 
wavelength by a perfect blackbody at the same thermodynamic temperature [1]. SE values range from 55 
0 to 1 emissivity units, albeit when averaged across the mid-wave infrared (MWIR) or long-wave 56 
infrared (LWIR) atmospheric windows most natural materials have an SE higher than 0.4 and 0.6 57 
respectively. SE information is essential for the derivation of land surface temperature (LST), an 58 
Essential Climate Variable (ECV) important to the understanding and modelling of many Earth System 59 
processes from local to global scales [2,3]. 60 
LST retrieval algorithms primarily use remotely sensed observations of electromagnetic radiation 61 
in the long-wave infrared (LWIR; 8 – 14 μm) part of the thermal infrared atmospheric window. Some 62 
LST algorithms do make use of the mid-wave infrared (MWIR; 3 – 5 μm) atmospheric window, though 63 
these are less common because daytime MWIR measurements are a mixture of thermally emitted and 64 
solar reflected radiation [3]. Usually the specific emissivity information required for use in LST retrieval 65 
algorithms is the SE integrated over the spectral response function of each of the spectral measurement 66 
channels considered in the algorithm [4], though for convenience we still refer herein to SE since 67 
typically it is by knowing this that the band-integrated spectral integrated emissivity values are 68 
determined.   69 
However, errors in emissivity typically result in significant LST biases. For example, for typical 70 
earth surface conditions, SE uncertainties of 0.01 deliver typical uncertainties of around 0.6 K in the 71 
retrieved LST [5]. Given this and recent experimental studies into angular and structural emissivity 72 
dependence [6,7], accurate knowledge of SE has been identified as one of the greatest challenges to 73 
retrieving sufficiently precise LST to support a wider range of applications [8].  74 
Remotely sensed LST algorithms typically require either (i) knowledge of the SE or its spectral 75 
integral in advance, as with widely used split-window algorithms (for example [9]) or (ii) estimate SE 76 
or its spectral integral as part of the retrieval process, as with the Temperature Emissivity Separation 77 
(TES) algorithm [10]. Laboratory measurements of SE, typically made using Fourier Transform Infrared 78 
(FTIR) spectrometers, are commonly used in both approaches, either when deriving the split-window 79 
coefficients [11], for calibration of satellite or airborne sensors [12] or for ground-truthing of the LST 80 
and SE outputs [13–15].  81 
Interest in SE measurements has increased in recent years, largely due to advances in thermal 82 
remote sensing and a concerted effort to reduce LST retrieval uncertainty following the classification of 83 
LST as an ECV. Campaigns such as Fiducial Reference Measurements for validation of Surface 84 
Temperature from Satellites (FRM4STS) have focused on such efforts [16,17]. Laboratory measurements 85 
of SE are generally considered to be the ‘truth’ in such work, either for measurement of samples that 86 
can be transported without modifying the sample and its emissivity or for evaluating the accuracy of 87 
field methodologies on appropriate samples [18]. One key advantage of laboratory SE measurements 88 
is the highly controlled conditions under which measurements can be made compared to typical field 89 
measurement conditions, as well as potentially the higher spectral resolution often possible with 90 
laboratory setups [19]. Laboratory SE measurements are therefore commonly used as reference 91 
measurements when comparing them to those derived using field, airborne- or satellite observations 92 
[20–22].  93 
Given the importance of SE information, multiple laboratories have now developed capabilities 94 
for determining SE from thermally emitted or reflected infrared radiation measurements of target 95 
samples. Whilst the former ‘thermal emission’ approach is used in for example the SLUM (Spectral 96 
Library of impervious Urban Materials) library of Kotthaus et al. [23], the method requires that the 97 
samples be heated to well above room temperature, which for some materials is not always possible 98 
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and which can introduce issues with regards to sample temperature homogeneity when the sample is 99 
removed from the heat source to be measured. The latter ‘reflected radiation’ approach instead 100 
illuminates a room temperature sample with IR radiation and measures how much of the radiation is 101 
reflected, with SE then determined through use of Kirchhoff’s Law [24]. Key advantages of this 102 
approach are that no artificial heating of the samples is required, so all types of sample are analysable, 103 
and sample temperature inhomogeneity is not an issue. The approach has been widely applied to 104 
provide much of the SE data populating the most commonly used online spectral emissivity libraries, 105 
such as the ECOSTRESS (ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station) - 106 
formerly ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) - spectral 107 
library [25]. SE data from the ECOSTRESS spectral library are used within the TES algorithm to provide 108 
the spectra required to derive certain of the algorithm coefficients [26]. 109 
However, the quality of laboratory SE measurements is not always apparent, and there are 110 
relatively few reflectance standards readily available for use in the MWIR and LWIR spectral regions 111 
with which to assess this, unlike in the near-infrared (NIR) or shortwave infrared (SWIR) [27]. SE 112 
quality metrics for an individual laboratory’s SE measurements have often been provided as 113 
uncertainty values based on repeated measurements of the sample with the same equipment (for 114 
example [28]), but comparisons of laboratory SE measurements derived for the same samples but with 115 
different equipment and laboratory setups are rare [27,29]. Here we redress this gap through a ‘Round-116 
Robin’ study involving seven international laboratories all measuring the same set of reference samples 117 
whose SE they determined using their own equipment and measurement protocols. The differing SE 118 
measurements are intercompared and their inconsistencies explored to understand the impact that any 119 
identified differences in SE would have on remotely sensed LST determination.  120 
The lead investigators of this ‘Round-Robin’ study are based at the National Centre for Earth 121 
Observation (NCEO) in King’s College London (KCL) (Figure 1), and their SE measurement setup uses 122 
a very similar set of equipment to that used in the Department of Earth Systems Analysis at the 123 
University of Twente (UT-ITC) and detailed in [27]. SE measurements of the target sample are inferred 124 
from reflected infrared radiation measurements made by a Bruker VERTEX 70 spectrometer and 125 
application of Kirchhoff’s Law, with the sample positioned under a port of a diffuse highly reflective 126 
gold-coated integrating sphere and illuminated by intense radiation coming from an external mid-127 
infrared (MIR) source (Figure 1). Hecker et al. [27] describe two measurement approaches to derive SE 128 
from these types of reflectance measurements - the substitution and comparative calibration methods 129 
that are described in detail below.  130 
 131 
 132 
Figure 1. Laboratory setup for surface spectral emissivity determination at King's College London 133 
(KCL), based on a Bruker VERTEX 70 FTIR spectrometer, an external source of high intensity thermal 134 
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radiation, and a gold-coated integrating sphere with a MCT (mercury-cadmium-telluride) detector 135 
cooled with liquid nitrogen. 136 
The substitution method of SE derivation uses a material of known emissivity (in this case a 137 
Labsphere Infragold™ plate) as a reference sample, and this is first placed under the sample port of the 138 
integrating sphere of Figure 1 and a ‘reference measurement’ made. The reference sample is then 139 
replaced by the target sample and the ‘sample measurement’ made. Spectral reflectance is then 140 
calculated through the ratio of these two measurements. In the comparative calibration method of SE 141 
derivation, the sample and reference samples are mounted simultaneously (e.g. through multiple ports 142 
or use of the internal sphere wall as for the reference), their measurements made consecutively (e.g. 143 
through use of an internal rotating mirror), with the sample spectral reflectance again calculated 144 
through their ratio. Theoretically, the comparative method should provide some benefit since it avoids 145 
a known limitation in the substitution method (the so-called ‘substitution error’), where changes in the 146 
total internal sphere reflectance between measurements of the reference and the sample cause 147 
underestimation of sample reflectances (and thus overestimation of emissivity) as discussed in [30]. 148 
Hardy and Pineo [31] determined that the substitution error could be as much as 25% for low reflectance 149 
samples and 12% for samples with medium reflectance. Corrections have been developed [32,33] but 150 
even these are known to include errors of up to 1% from approximations in the calculations. However 151 
using both the substitution and comparative methods with the setup at UT-ITC, Hecker et al. [27] 152 
observed differences between the SEs derived with those calculated using the substitution method in 153 
closer agreement with other spectra, thus questioning the assumption that the comparative method 154 
provided improved results. They attributed these differences to variations in the measurement 155 
geometries between the reference and sample measurements made using the comparative method. The 156 
measurement setup at the KCL laboratory has been designed to attempt to overcome this issue, and 157 
design specifications were to have as identical a path length as possible between the sample and 158 
reference measurement when using the comparative method. Within the current work we will therefore 159 
also assess the relative performance of the KCL setup when performing SE retrieval with these two 160 
different measurement approaches.  161 
Our objectives are therefore threefold: (i) investigate the consistency of SE measurements derived 162 
from measurements made in different international laboratories through a Round Robin 163 
intercomparison study using reference samples, (ii) evaluate the substitution and comparative 164 
calibration methods of SE measurement using the setup shown in Figure 1, and (iii) assess the impact 165 
that any SE differences and uncertainties stemming from the results of (i) and (ii) have on typical 166 
satellite LST retrievals. 167 
2. Materials and Methods  168 
2.1. SE Sample Standards 169 
Two artificial SE samples were used in this study, with one specular and one diffuse to test the 170 
setup performances for samples with different scattering properties. Sample 1 was a thin 60 mm × 60 171 
mm aluminium sheet showing specular reflective behaviour and laminated in polyethylene (PE). 172 
Sample 2 was a thin 47 mm × 57 mm diffusely reflective gold sheet also laminated in PE. The samples 173 
are shown in Figure 2 and were selected primarily for their robustness and their ability to be used in 174 
multiple different laboratory setups having different sample holder sizes and different measurement 175 
alignments (e.g. side-looking and down-looking instrumentation). Additionally, both have known 176 
spectrally varying properties over the 2.5 – 14 μm spectral region since the metal foils have low 177 
emissivity but the PE film has spectral regions of high absorptivity that result in spectral regions of high 178 
emissivity [34]. Due to the nature of the materials used in these reference samples, measurements of SE 179 
that required heating of the samples are inappropriate and only laboratories where SE measurements 180 
are obtained from directional hemispherical reflectance (DHR) setups were considered. 181 
 182 
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 183 
Figure 2. Artificial samples used within the Round Robin study of surface spectral emissivity described 184 
herein. Sample 1 was a 60 mm × 60 mm aluminium sheet laminated in a polyethylene covering to deliver 185 
a more specularly reflecting sample, whilst Sample 2 was a 47 mm × 57 mm gold sheet laminated in a 186 
polyethylene covering to deliver a more Lambertian reflecting sample. Both samples showed spectral 187 
regions of both high and low emissivity. A third SE reference sample consisting of distilled water was 188 
also used within laboratories capable of measuring liquid samples. 189 
In addition to the two artificial SE standards shown in Figure 2, the laboratories participating in 190 
the Round Robin were also requested to make measurements of a sample of distilled water if their setup 191 
was permitting. Distilled water is widely available and its SE is well known and available in the 192 
ECOSTRESS spectral library, with SE measurements of distilled water featuring in other inter-193 
comparison studies including [27]. Additionally, since distilled water has a low spectral reflectance of 194 
only a few percent, the retrieval of accurate SE poses a challenge for the signal-to-noise capability of 195 
setups that measure in DHR mode [28], thus providing a good test of a laboratory’s capability.  196 
2.2. Laboratory SE Measurement Setups and Schedule 197 
In total twelve different measurement setups conducted at seven different international research 198 
organisations were used to measure the SE of the two artificial sample standards. All setups other than 199 
the Agilent 4300 Handheld FTIR at CSIRO (Commonwealth Scientific and Industrial Research 200 
Organisation) involved integrating spheres to derive spectrally resolved hemispherical reflectance (𝜌) 201 
measurements over the 2.5 – 14 μm spectral region. The Agilent does not have an integrating sphere 202 
but instead uses mirrors to capture diffuse reflectance from a target. Five of the laboratories provided 203 
additional SE measurements of distilled water. Included in the distilled water comparison is a distilled 204 
water spectrum measured by John Hopkins University from the ECOSTRESS spectral library [25], also 205 
considered in [27] and which was found by [28] to be within 0.17% of a theoretical spectrum of distilled 206 
water calculated using optical constants of water in the infrared [35]. This spectrum is identifiable as 207 
ESL. 208 
The setup and instruments used within each of the seven laboratories vary in design, 209 
interferometer type, age, reference standard (typically gold), and general measurement protocols. A 210 
detailed description of each setup is provided in Appendix A, with an overview in Table 1.  Note that 211 
CSIRO were able to use two different instruments in the Round Robin – a Bruker VERTEX 80v with an 212 
integrating sphere with multiple possibilities of port placement for the sample and reference standards, 213 
and a Agilent 4300 Handheld FTIR. 214 
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The Round Robin was organised sequentially, in that the artificial reference SE samples were 215 
measured by one laboratory and then sent onto the next, in the order shown in Table 1. Samples of 216 
distilled water were provided by the laboratory participants themselves from local supplies. 217 
Measurements commenced in September 2017 at KCL and Optosol. Samples were returned to KCL 218 
both halfway (Oct 2018) and at the end (Sept 2019) of the exercise to be re-measured on the same setup 219 
and with the same methodology to check for absolute changes to the samples. ONERA’s Infragold 220 
reference standard was additionally sent to KCL to be measured using the KCL setup to determine the 221 
impact of using a different laboratory’s reference standard to derive reflectance. 222 
2.3. Measurement Protocol 223 
To enable easy inter-comparison of the final SE data, all participating laboratories were requested 224 
to make spectral reflectance measurements across the 2.5 – 14 μm spectral range (4000 – 714 cm-1) at 225 
spectral resolutions of 4 cm-1, 8 cm-1 and (if capable) 0.5 cm-1, with all other settings kept as their 226 
standard protocol. The majority of participant laboratories made their sample reflectance 227 
measurements (𝜌s) by comparing the measured radiation reflected from the sample (𝑉s) with that 228 
reflected from a reference standard (𝑉r) of known (and near unity) spectral reflectance across the 229 





𝜌r(𝜆)   232 
Eqn. 1 233 
where 𝜆 is wavelength and 𝜌r(𝜆) the reflectance of the reference standard, generally provided by 234 
manufacturer or from previous calibration. KCL and UT-ITC made additional open port measurements 235 
and subtracted these from both the sample and reference measurements during the spectral reflectance 236 
calculation in Eqn. 1 in order to remove background radiation, as detailed in [27]. ONERA, KCL and 237 
JPL made additional adjustments to the measured data to compensate for the substitution error 238 
described in Section 1.   239 
 240 
Sample emissivity (𝜀s) was inferred from measured reflectances using Kirchhoff’s law [24]: 241 
𝜀s(𝜆) = 1 − 𝜌s(𝜆) 242 
Eqn. 2 243 
The number of scans varied between the different methods, ranging from 60 scans for each sample at 244 
CSIRO using the Agilent 4300 Handheld FTIR to eight repeat measurements of 512 scans for each 245 
sample at UT-ITC. For most setups, a full measurement sequence (reference, sample and any additional 246 
measurements) took between 5 and 30 minutes. 247 
A summary of the method of SE determination used by each participant laboratory is presented 248 
in Table 2, with abbreviations identifying how the individual measurements will be subsequently 249 





  255 
  Remote Sens. 2020, 12, x FOR PEER REVIEW 7 of 45 
Table 1. An overview of the spectrometer setups of the multiple research organisations participating in this Round Robin surface spectral emissivity measurement 256 
intercomparison. The setups are presented here in the order they were used to measure the SE of the selected samples, with information about the instrument, reference 257 
standard, gases purging from and references in the literature where available. The names in bold identify how the laboratories will be referred to subsequently. 258 
Research institution + Country Instrument Specification Reference Standard Purge Gas References 
National Centre for Earth 
Observation (NCEO) at Department 
of Geography, King’s College London 
(KCL) 
UK 
Bruker VERTEX 70 FTIR spectrometer with 
external gold-coated integrating sphere, external 
detector and external water-cooled globar 
infrared source 
 
Internal Infragold sphere 
wall (Comparative) 
 
Infragold Labsphere target 
(Substitution) 
 
Dry, CO2 free 
air 
- 
Fraunhofer Institute for Solar Energy 
System ISE (Optosol) 
DE 
Bruker VERTEX 80 FTIR spectrometer modified 
with external integrating sphere and detector 
- - - 
Department of Earth Systems 
Analysis, University of Twente (UT-
ITC) 
NE 
Bruker VERTEX 70v FTIR spectrometer with 
external gold-coated integrating sphere, external 
detector and external water-cooled globar 
infrared source 
Infragold standard 
Dry, CO2 free 
air 
[19,27,36] 
Planetary Spectroscopy Laboratory 
(PSL) at the German Aerospace 
Center (DLR) 
DE 
Bruker 80v FTIR spectrometer with gold-coated 
integrating sphere 
Infragold standard - [37] 
NASA – Jet Propulsion Laboratory 
(NASA-JPL) 
US 
Nicolet 6700 FTIR spectrometer with an external 
Labsphere integrating sphere 
Infragold standard 
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Table 1. Continued      
French Aerospace Laboratory 
(ONERA) 
FR 
Bruker Equinox 55 FTIR spectrometer equipped 
with a Labsphere Infragold-coated integrating 
sphere 
Infragold Labsphere target 
Dry, CO2 free 
air 
[39] 
Commonwealth Scientific and 
Industrial Research Organisation 
(CSIRO) 
AUS 
(1) Bruker VERTEX 80v spectrometer with 
Bruker integrating sphere with 
multiple sample ports 
(2) Agilent 4300 Handheld FTIR 
spectrometer 
1. Infragold target 
 
2. Coarse silver target 





      
  259 
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Table 2. Details of the methods of SE determination used by each participant laboratory, with abbreviations identifying how the individual measurements will be 260 
subsequently referred to. 261 





(1) Substitution method with sample and reference alternately placed under bottom port; sphere correction and 
open port subtraction applied 
 
KCL_sub 
(2) Comparative method with sample under bottom port and internal gold wall of the integrating sphere as 
reference; open port subtraction applied 
KCL_comp 
Optosol Comparative method using internal gold wall of the integrating sphere as reference Optosol 
NASA-JPL Substitution method with sample and reference alternately placed under bottom port; sphere correction applied NASA-JPL 
UT-ITC Substitution method with sample and reference alternately placed under bottom port; open port subtraction applied UT-ITC 
 
DLR Substitution method with sample and reference alternately placed over sample port DLR 
ONERA Substitution method with sample and reference alternately placed under sample port. A second measurement of each is 
made with a titled beam to correct for substitution method error 
ONERA 
CSIRO (1) Comparative method with reference under the bottom port of the Bruker VERTEX 80v FTIR spectrometer and 
sample in the top port 
CSIRO_BG-B_S-T 
(2) Comparative method with reference in the top port of the Bruker VERTEX 80v FTIR spectrometer and sample 
under the bottom port 
CSIRO_BG-T_S-B 
(3) Comparative method using the internal wall of the integrating sphere of the Bruker VERTEX 80v FTIR 
spectrometer as reference and sample under the bottom port 
CSIRO_BG-W_S-B 
(4) Comparative method using the internal wall of the integrating sphere of the Bruker VERTEX 80v FTIR 
spectrometer as reference and sample in the top port 
CSIRO_BG-W_S-T 
(5) Substitution method for the Agilent 4300 Handheld FTIR spectrometer CSIRO_Agilent 
 262 
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3. Results 263 
Due to the very strong similarities in the results obtained at the different spectral resolutions used, 264 
we report here the 4 cm-1 results only. This resolution was used by all laboratories and the one for which 265 
the widest inter-comparisons can be made. Conclusions from the other spectral resolution 266 
measurements are similar. 267 
3.1 Sample Stability 268 
Figure 3 shows the mean and standard deviation derived for the two artificial samples from three 269 
measurements collected at KCL (with identical parameters and setup) at the start, midway through and 270 
at the end of the exercise as detailed in Section 2.2. Despite slight physical abrasion observed on Sample 271 
1 at the end of the study, differences between the emissivity measurements made at different times are 272 
small for both samples, as shown by the generally low standard deviation (<  0.01 for most 273 
wavelengths, with the peak in standard deviation around 4.3 μm attributed to insufficient purging 274 
during one measurement as it appears in the CO2 region). Variability is slightly greater from the 275 
specular sample (Sample 1) than the diffuse sample (Sample 2), with the mean standard deviations 276 
across 2.5 − 14 μm 0.009 and 0.006 respectively for these two samples, but these levels of variability are 277 
still within the ranges observed in the reproducibility tests in similar studies [27]. These data indicate 278 
that the absolute SEs of Samples 1 and 2 were stable throughout the experiment, and that any SE 279 
differences found between the different laboratory measurements cannot be attributed to changes in 280 
the samples over time. 281 
 282 
 283 
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Figure 3. Mean (blue, left axis) and standard deviation (green, right axis) of three spectral emissivity 284 
measurements made of Samples 1 and 2 at King's College London (KCL) at the start of the Round Robin 285 
(25th September 2017), midway through (9th October 2018), and at the end (11th September 2019). Each 286 
sample emissivity was calculated using the substitution method of calibration, using identical 287 
measurement setups, parameters and procedures. The absorption bands of relevant gases (H2O and 288 
CO2) are indicated through the grey vertical bars. 289 
3.2 Comparison between different laboratory’s emissivity measurements 290 
3.2.1 Absolute Differences between Emissivity Measurements 291 
The SEs of the two artificial samples and distilled water measured using the setups listed in Table 292 
2 are shown in Figures 4 and 5 respectively. From Figure 4, we can see that there are some large SE 293 
differences between the measurements of both artificial samples at certain wavelengths. These 294 
differences are reduced for distilled water (Figure 5), although there are fewer measurements here as 295 
not all laboratories were able to make measurements of this sample. For all three samples however, 296 
there appears to be a group of measurements within the LWIR region consisting of some of those from 297 
CSIRO with lower emissivities (around 0.07 and 0.05 less than the majority of the measurements for the 298 
artificial samples and distilled water respectively). In the case of the artificial samples, there also 299 
appears to be a top group with spectra from DLR and NASA-JPL, which are around 0.05 higher than 300 
the majority of the measurements, although the distilled water measurements from these two 301 
laboratories are in close agreement with most of the others. 302 
 303 
  304 
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 305 
Figure 4. Surface spectral emissivity measurements for artificial Samples 1 and 2, measured at 4 cm-1 306 
resolution over the 2.5 – 14 μm spectral range. The spectral ranges of MODIS bands 20, 22, 23, 29 and 31 307 
– 33 are indicated, which are used to retrieve LST using the MWIR and LWIR regions in the Day/Night 308 
algorithm detailed in [41]. ECOSTRESS and ASTER thermal band locations are also shown in green, red 309 
and blue respectively. The absorption bands of relevant gases (H2O and CO2) are indicated through the 310 
grey vertical bars. For legend abbreviations see Table 2. 311 
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 312 
Figure 5. SE measurements of distilled water collected at a 4 cm-1 spectral resolution over the 2.5 – 14 313 
μm wavelength range. Also shown is the distilled water SE spectrum from the ECOSTRESS Spectral 314 
Library (ESL) [25]. The absorption bands of relevant gases (H2O and CO2) are indicated through the grey 315 
vertical bars. As before, for legend abbreviations see Table 2. 316 
 317 
  318 
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Variability is observed to be wavelength dependent and is greater in the MWIR than in the LWIR 319 
region for all samples, as shown by the standard deviations for the two regions presented in Table 3. 320 
This is likely due to increased atmospheric absorption in the MWIR – where there are strong absorption 321 
bands for CO2 and H2O compared to in the LWIR region - and the differences in how each setup 322 
compensate for these atmospheric effects (if at all). There seems to have been an issue with the CO2 323 
purging in the DLR setup when measuring the artificial samples as these results report an increase in 324 
emissivity in the CO2 absorption band (~ 4.3 μm) which is not present in the measurements from the 325 
other laboratories as can be seen in Figure 4. This is not apparent in the DLR measurement of distilled 326 
water however (Figure 5).  327 
Table 3. Mean (μ) and standard deviation (σ) of SE (ε) for each sample averaged over a specified 328 
wavelength range, calculated using all spectra. The number in brackets shows the standard deviation 329 
as a percentage of the mean. The subscripts a, b and c refer to the wavelength ranges averaged over, 330 
where a = 2.5 – 14 μm, b = 3 – 5 μm (MWIR region) and c = 8 – 14 μm (LWIR region). 331 
  Spectral emissivity (μ ± σ) 
Sample 1 
𝜀𝑎 0.574 ± 0.092 (15.98 %) 
𝜀𝑏 0.476 ± 0.107 (22.54 %) 
𝜀𝑐 0.855 ± 0.046 (5.33 %) 
Sample 2 
𝜀𝑎 0.713 ± 0.054 (7.56 %) 
𝜀𝑏 0.659 ± 0.060 (9.14 %) 
𝜀𝑐 0.877 ± 0.037 (4.19 %) 
Distilled Water 
𝜀𝑎 0.962 ± 0.028 (2.92 %) 
𝜀𝑏 0.954 ± 0.030 (3.18 %) 
𝜀𝑐 0.970 ± 0.024 (2.52 %) 
 332 
As shown by the standard deviations in Table 3, SE differences are largest for the specular sample 333 
(Sample 1), where the standard deviation of the measurements is ± 0.092 over the full wavelength range 334 
(2.5 – 14 μm). The maximum observed difference between two measurements (DLR and CSIRO BG-335 
W_S-T, Sample 1) is 0.762 emissivity units, but this occurs around 4.3 μm and is thus within the CO2 336 
absorption band and seems likely to be associated with an insufficient atmospheric compensation in 337 
the DLR system as discussed earlier. However, DLR and CSIRO consistently produce the highest and 338 
lowest emissivities respectively as evident from Table 4, which presents the mean absolute differences 339 
of each individual measurement from the mean of all measurements. The measurements made at DLR 340 
have the greatest positive bias compared to the mean while all measurements made at CSIRO using the 341 
VERTEX 80v FTIR spectrometer (with the exception of that with the reference in the lower port and the 342 
sample in the top port, CSIRO BG-B_S-T) have the greatest negative biases compared to the mean.  343 
  344 
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Table 4. The mean absolute SE differences for each setup over specified wavelength ranges, calculated 345 
as (|𝜀 – 𝜀mean|), where the mean emissivity 𝜀mean was calculated using all spectra. As before, the 346 
subscripts a, b and c refer to the wavelength ranges averaged over, where a = 2.5 – 14 μm, b = 3 – 5 μm 347 
(MWIR region) and c = 8 – 14 μm (LWIR region). Red highlighting indicates a positive bias compared 348 
to mean over the wavelength range while blue indicates a negative bias compared to the mean. 349 
 Sample 1 Sample 2 Distilled Water 
Δ𝜀𝑎 Δ𝜀𝑏 Δ𝜀𝑐 Δ𝜀𝑎 Δ𝜀𝑏 Δ𝜀𝑐 Δ𝜀𝑎 Δ𝜀𝑏 Δ𝜀𝑐 
CSIRO_Agilent 0.113 0.145 0.031 0.052 0.056 0.036 - - - 
CSIRO_BG-B_S-T 0.030 0.030 0.002 0.040 0.049 0.001 - - - 
CSIRO_BG-T_S-B 0.070 0.087 0.057 0.085 0.101 0.055 0.049 0.053 0.043 
CSIRO_BG-W_S-B 0.090 0.111 0.061 0.091 0.107 0.056 0.039 0.042 0.033 
CSIRO_BG-W_S-T 0.107 0.132 0.073 0.035 0.035 0.057 - - - 
DLR 0.183 0.229 0.069 0.088 0.105 0.053 0.013 0.015 0.010 
KCL_comp 0.014 0.014 0.004 0.013 0.014 0.001 0.016 0.016 0.016 
KCL_sub 0.023 0.028 0.017 0.024 0.028 0.020 0.019 0.019 0.017 
NASA-JPL 0.089 0.113 0.046 0.015 0.014 0.035 0.019 0.022 0.015 
ONERA 0.018 0.016 0.006 0.022 0.022 0.005 - - - 
Optosol 0.050 0.052 0.015 0.017 0.012 0.010 - - - 
UT-ITC 0.037 0.052 0.021 0.010 0.016 0.018 0.021 0.023 0.018 
 350 
Fewer participants made SE measurements of distilled water (Figure 5), but there is greater 351 
agreement among these than for the artificial samples, with reduced standard deviations in all spectral 352 
regions (Table 3). Much of the variation in the distilled water spectra appears due to noise, given the 353 
difficulties of measuring a high emissivity (low reflectance) sample on a DHR setup. The CSIRO 354 
measurements of distilled water made using the VERTEX 80v spectrometer have a negative bias (~0.05) 355 
compared to the other laboratories, which is consistent with the results of both artificial samples from 356 
this setup. In contrast, the measurements from the other laboratories (DLR, KCL, NASA-JPL and UT-357 
ITC) are in very close agreement with the spectrum from John Hopkins University available in the 358 
ECOSTRESS spectral library (ESL). This can be observed in Figure 6, where the mean and standard 359 
deviation of the differences between the spectra of distilled water from the ECOSTRESS spectral library 360 
and the measurements of distilled water from DLR, KCL, NASA-JPL and UT-ITC are shown. The 361 
spectrum from NASA-JPL over the LWIR spectral region in particular is in close agreement with that 362 
from the ECOSTRESS spectral library, reflecting the reduced noise observed in the NASA-JPL distilled 363 
water spectrum compared to the other laboratories (Figure 5).  364 
 365 
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 366 
Figure 6. Spectral emissivity measurement differences between the spectra of distilled water from the 367 
ECOSTRESS spectral library and all measurements of distilled water aside from those from CSIRO. 368 
Differences (Δε) were calculated as Δε = εlab − εESL where 𝜀lab and 𝜀ESL indicate the laboratory 369 
measurement and the ECOSTRESS spectral library spectrum respectively, before being averaged over 370 
specified spectral ranges. The bars are centered on the mean difference of that spectral range and have 371 
a half-length equal to the standard deviation of the difference over that spectral range. 372 
Figures 7 and 8 compare each laboratory’s SE measurements against the mean and standard 373 
deviation of all SE measurements for Sample 1 and Sample 2 respectively over the LWIR atmospheric 374 
window (8 – 14 μm). In this spectral region, which is most commonly used for remote sensing of LST, 375 
the measurements of the artificial samples from DLR and NASA-JPL are consistently above the mean, 376 
with the DLR spectra greater than one standard deviation away from the mean and with shallower 377 
absorption features at 10.8 μm and 13 μm for Sample 1 (Figure 7). Results from CSIRO and KCL in this 378 
same spectral region show, respectively, that (i) the positions of the sample and reference standards 379 
and (ii) the method of calibration to reflectance both impact the absolute emissivity values retrieved, 380 
even on a single setup. At KCL, higher SEs are retrieved when using the substitution method of 381 
calibration (KCL_sub) than when using the comparative method of calibration (KCL_comp), with the 382 
latter the closest of all laboratory measurements to the mean of all measurements over 8 – 14 μm, as 383 
shown in Table 4. At CSIRO, all the SE measurements made using the Bruker VERTEX 80v FTIR 384 
spectrometer were derived using the comparative method, with sample and reference simultaneously 385 
mounted. However, merely changing the position of the sample and reference targets changed the 386 
derived SE of every samples. This can be seen by the differences between the derived SEs with the 387 
reference target in the lower port and the sample in the top port (CSIRO BG-B_S-T) and the derived SEs 388 
with the reference target as the internal wall and the sample in the top port (CSIRO BG-W, S-T) in 389 
Figures 7 and 8. CSIRO’s highest SE values – and those most in agreement with the other laboratory 390 
measurements - were recorded for both artificial samples with the reference target in the lower port 391 
and the sample in the top port (CSIRO BG-B_S-T), while the lowest emissivities for Sample 1 were 392 
found with the reference target as the internal wall and the sample in the top port (CSIRO BG-W, S-T), 393 
and for Sample 2 with the reference target as the internal wall and the sample in the bottom port (CSIRO 394 
BG-W, S-B). Due to the nature of the distilled water sample, only measurements with the water sample 395 
placed under the bottom port were possible at CSIRO with the Bruker VERTEX 80v. Of these, the SEs 396 
derived using the internal wall as reference (CSIRO BG-W, S-B) were consistently slightly higher (Δε ≈ 397 
0.008) than those measured with the reference target in the top port (CSIRO BG-T, S-B) (Figure 5). 398 
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 399 
Figure 7. Measured SEs for Sample 1 from each participating laboratory, derived at a 4 cm-1 spectral resolution across 8-14 μm and presented against the mean and 400 
standard deviation of all SE measurements, shown as the black dashed line and grey shaded area respectively. 401 
 402 
  403 
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 404 
Figure 8. Measured SEs for Sample 2 from each participating laboratory, derived at a 4 cm-1 spectral resolution across 8-14 μm and presented against the mean and 405 
standard deviation of all SE measurements, shown as the black dashed line and grey shaded area respectively406 
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3.2.2 Differences in Spectral Shapes between Emissivity Measurements 407 
The spectral shapes of the SE measurements made at the different laboratories are generally 408 
consistent for the Lambertian sample (Sample 2) and for the distilled water measurements, despite 409 
absolute differences in retrieved SE. However, this is not the case for the specular sample (Sample 1), 410 
where wavelength shifts of up to 0.09 μm are evident in the 9.8 – 11 μm spectral region as shown in 411 
Figure 9 for a subset of the laboratories (Optosol, UT-ITC and ONERA). The wavelength outputs from 412 
FTIR spectrometers are known to have some variation resulting in wavenumber calibration procedures 413 
as in [42,43]. However, shifts of this magnitude are larger than would be expected from this. While they 414 
could suggest alignment issues within the FTIR, if that were the case we would see shifts for all samples 415 
– generally the wavelengths would be shifted by a constant correction term dependent on the 416 
laboratory setup. Given that the shifts were observed for the specular sample only and that they were 417 
observed in measurements on the same setup (Figure 10), incorrect calibration of wavelength outputs 418 
was therefore determined not to be the cause.  419 
 420 
Figure 9. A subset of the laboratory SE measurements of the specular reference sample (Sample 1), 421 
highlighting the wavelength shifts that appear in the 9.8 – 11 μm spectral region. The mean SE of all 422 
measurements is also shown. 423 
A more likely cause of the shifts was identified as the different incident angles in each method. 424 
This is because, for a specular sample, the resonance wavelength will change with incident angle, 425 
assuming a cavity effect due to the thin layer coating. For example, the ONERA measurement sequence 426 
includes a tilted beam measurement for the compensation of the sphere substitution error whereas the 427 
beam is on the normal (0°) in the Optosol setup. This theory is supported by the fact that similar shifts 428 
are observable over that wavelength range between different measurements at CSIRO that were made 429 
using the VERTEX 80v spectrometer with different sample and reference positions (Figure 10). Here 430 
the measurements made with the sample in the bottom port (which have good agreement with each 431 
other) appear to be up to 0.13 μm out of phase with those where the sample was in the top port. No 432 
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spectral shifts are observed between the KCL measurements of Sample 1 with different permutations 433 
(KCL_sub and KCL_comp, Figure 7). 434 
 435 
Figure 10. The CSIRO laboratory SE measurements of the specular reference sample (Sample 1) made 436 
using their Bruker VERTEX 80v FTIR spectrometer setup with the sample and reference in different 437 
positions, showing the wavelength shifts that appear in the 9.8 – 11 μm spectral region. For legend 438 
abbreviations see Table 2. 439 
Other potential causes of the wavelength shifts could be changes in the water vapour and CO2 440 
conditions between the sample and reference measurements, non-uniformity in the PE film structure 441 
and thickness for Sample 1, different sample orientations at time of measurement as in [44], or 442 
differences in the spectral data interval as detailed in [29] and caused by different settings in zero-filling 443 
factors for example. To evaluate the impact of sample orientation of position of the spectral features, 444 
measurements were made of Sample 1 at KCL at different orientations (0° to 315° in increments of 45°). 445 
The locations of the spectral features in this spectral region agreed between measurements at 0°, 90°, 446 
180° and 270° but small wavelength shifts (Δλ ≈ 0.04 μm) were observed between these measurements 447 
and the measurements at 45°, 135°, 225° and 315° (which were in agreement with each other). It is likely 448 
therefore that the different sample orientations or differences in the illumination angles used within the 449 
different measurement setups could therefore at least partly explain the spectral shifts observed. 450 
3.3 Comparison between different laboratories’ reference standards 451 
To identify whether the cause of the differences could be attributed to different reference standards 452 
used in the substitution approach, a comparison of SEs calculated using two different laboratories’ 453 
reference standards was conducted, shown in Figure 11. Using ONERA’s reference standard (with 454 
absolute reflectance provided by ONERA) within the KCL setup in substitution mode reduces the 455 
differences between the measured emissivities of the artificial samples by between 10 – 50%. However, 456 
it does not equalise them, with the KCL measured emissivities – including those derived using the 457 
ONERA reference sample – higher than the ONERA-measured emissivities for both samples between 458 
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8 to 14 μm (with the exception of the minima around 13 μm). It also does not account for the wavelength 459 
shift between certain of the spectral features of Sample 1 detailed in Section 3.2.2. 460 
 461 
Figure 11. Surface spectral emissivities of the artificial samples Sample 1 and Sample 2, shown over the 462 
8 – 14 μm spectral region and measured at KCL using the substitution method with the KCL reference 463 
standard (KCL_Sub) and the ONERA reference standard (KCL_ONERA), and at ONERA using the 464 
substitution method with the ONERA reference standard (ONERA_RR). 465 
3.4 Implications of SE Differences for LST Retrieval 466 
To demonstrate the impact of the SE differences we observed on typical estimates of remotely 467 
sensed LST, spectrally integrated surface emissivities 𝜀i for the artificial reference samples and distilled 468 
water were calculated across each the five thermal infrared (TIR) bands of the spaceborne ASTER 469 
instrument, which is commonly used for LST determination [45–47]. ASTER Bands 10 to 14 are centered 470 
at 8.3 μm, 8.7 μm, 9.1 μm, 10.6 μm and 11.3 μm respectively in regions of high atmospheric 471 









Eqn. 3 474 
where 𝑖 indicates the band number, 𝜆 wavelength, 𝜀(𝜆) the measured spectral emissivity and 𝜆0 and 𝜆1 475 
the lower and upper bounds of the band and 𝑆𝑟λ is the spectral response function for each band. 476 
A typical mid-latitude summer situation was simulated, assuming observation of the each of the 477 
samples with a land surface brightness temperature (BT) of 300 K, a sky BT of 260 K, and a very near-478 
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surface remotely-sensed observation (to ensure negligible atmospheric transmissivity and path 479 
radiance effects, and thus focus on the surface emissivity impacts only). LSTs corresponding to each 480 





(𝐿surf,i − (1 − 𝜀i)𝐿sky,i
↓ )] 482 
Eqn. 4 483 
where 𝜀𝑖 is the surface emissivity in band 𝑖 coming from Eqn. 3, 𝐵i
−1(𝐿) is the inverse Planck function 484 
describing the blackbody equivalent temperature T (kelvin) of spectral radiance 𝐿i (W. m
−2. sr−1. µm−1) 485 
in band 𝑖, 𝐿surf,i the spectral radiance (W. m
−2. sr−1. µm−1) corresponding to the surface BT in band 𝑖, 486 
and 𝐿sky,i
↓  the spectral radiance (W. m−2. sr−1. µm−1) corresponding to the sky BT in band 𝑖.  487 
 488 
Figure 12. Spectral response functions of ASTER Bands 10 to 14 (blue) and the atmospheric 489 
transmittance of a mid-latitude summer atmosphere calculated using MODTRAN 5 (grey) [48]. 490 
Figure 13 shows the statistical distribution of LSTs calculated using Eqn. 4 by sample and by ASTER 491 
TIR band, with the box showing the interquartile range and whiskers the distribution (excepting 492 
outliers). LSTs derived using the convolved artificial sample emissivities range by over 3.5 K in each 493 
band, with a maximum difference of 17.8 K (Sample 1, Band 13). These differences greatly exceed both 494 
the GCOS target accuracy and currently achievable requirements for LST as an ECV, which are 1 K and 495 
2 – 3 K respectively [49]. The difference of nearly 20 K for Sample 1 in Band 13 is related to this 496 
waveband covering the spectral range containing the observed wavelength shifts in the Sample 1 SE 497 
measurements, as well as being an area of increased atmospheric attenuation and thus stronger 498 
downwelling irradiance impact. 499 
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 500 
Figure 13. Range of land surface temperatures (K) retrieved from simulated brightness temperature data 501 
calculated assuming a typical mid-latitude summer scene with a surface brightness temperature of 502 
300K, a sky temperature of 260K and the measured emissivities for each of the three reference samples 503 
convolved to ASTER TIR bands 10 – 14. 504 
The range of the LSTs calculated using the distilled water emissivities is reduced compared to those 505 
calculated using the artificial sample emissivities, reflecting the greater agreement between the SE 506 
measurements of distilled water. However, the range of the LSTs calculated using distilled water 507 
spectra convolved to the ASTER TIR bands is still ~2.5 K in all bands, thus still exceeding the GCOS 508 
target accuracy requirements. 509 
 510 
4. Discussion 511 
Absolute differences observed between the different measurements were larger than anticipated 512 
with no clear cause. The derived emissivity does not correspond to different spectrometer types as may 513 
be expected: DLR and CSIRO’s measurements were both made on setups based on a Bruker VERTEX 514 
80v FTIR spectrometer, albeit with different spheres, however there were large differences between 515 
these measurements for all three samples over the full wavelength range. Furthermore, the measured 516 
absolute differences cannot be solely attributed to use of reference standard, although results from 517 
Section 3.3 indicate that the uncertainty in reference standard calibration is a key factor in the SE 518 
uncertainty. The contribution to uncertainty from reference calibration is particularly pertinent given 519 
that Labsphere Infragold standards can no longer be bought with NIST traceability calibration 520 
certificates. Differences in the absolute reflectance of the reference standards could be due to different 521 
coatings but could also result from physical damage or degradation from humidity absorption. To 522 
reduce uncertainty regarding the latter, laboratories should ensure regular calibration of their reference 523 
standards to monitor for drift. 524 
Results from all three samples considered indicated that three of the four CSIRO measurements 525 
made using the VERTEX 80 had a consistent negative bias, with the measurement made with the 526 
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reference target in the lower port and the sample in the top port (CSIRO BG-B_S-T) the only one in 527 
agreement with the others. Given the similarity in the spectral shapes measured by this setup and those 528 
measured at other laboratories for all three samples, this could suggest that CSIRO may need to re-529 
characterise their reflectance standards for the other three configurations used with the VERTEX 80v 530 
spectrometer. However, these differences may also be due to the different optical path lengths of the 531 
sample beam with each permutation, or to directional reflectance effects of the sample at the different 532 
incident angles of each permutation. Further investigation is recommended if CSIRO wish to use any 533 
of the three biased configurations (e.g. to measure liquid samples, which is not currently possible with 534 
the sample in top port configuration). Removing these three measurements from the analysis reduces 535 
standard deviations to ± 0.089 (14.69%), ± 0.038 (5.16 %) and ± 0.008 (< 1%) for Sample 1, Sample 2 and 536 
distilled water respectively across the 2.5 – 14 μm wavelength range. Furthermore, the impacts on LST 537 
are reduced considerably without these measurements, with the range of the LSTs calculated using 538 
distilled water spectra convolved to the ASTER TIR bands reduced to < 0.45 K in all bands. 539 
Differences were also observed between measurements made on the KCL setup with the reference 540 
target in different positions. Possible causes for these differences at KCL are (i) differences in the path 541 
lengths for each measurement setup that remain unaccounted for as discussed in Hecker et al. [27], (ii) 542 
insufficient correction for the substitution error in the substitution method, (iii) differences in reflective 543 
properties of the reflectance targets (being flat and curved respectively for the substitution and 544 
comparative methods) and (iv) incorrect characterization of the reference target spectral reflectance (the 545 
Infragold reference panel and sphere wall for the substitution and comparative methods respectively). 546 
In terms of the latter possible cause, it was identified that scaling the provided absolute spectral 547 
reflectance of the internal wall of the KCL integrating sphere (which is used as the reference target 548 
during the comparative method) by a factor of 0.87 (so that 𝜌ref = 0.84) brought the derived SE very 549 
close to that derived using the substitution method (which used the Infragold reference panel as the 550 
reference) for all three samples, as shown over the LWIR region in Figure 14. However, the reflectance 551 
of the internal wall coating should be much higher than this given the material type and the fact that 552 
both this system and the Infragold target used as the reference target for the substitution method are 553 
new. Note that it is not physically possible for the quoted spectral reflectance of the Infragold reference 554 
panel to be higher by this amount as this would result in emissivites above 1. Evaluating the 555 
performance of the two methods provides mixed results. While measurements derived using the 556 
comparative method of calibration were found to be closer to the mean for all samples, KCL’s distilled 557 
water emissivity measurements retrieved using the substitution method of calibration were observed 558 
to be closer to the ECOSTRESS spectral library spectrum than those derived using the comparative 559 
method. This could indicate that the mean may have been negatively skewed by the afore-mentioned 560 
bias in the CSIRO measurements. Discounting the three negatively biased measurements from CSIRO 561 
from the analysis supports this: KCL’s measurements derived using the substitution method are in 562 
good agreement (< 0.01) with the recalculated mean over 2.5 – 14 μm for all three samples while KCL’s 563 
measurements derived using the comparative method are in poorer agreement, with differences of up 564 
to 0.04 across 2.5 – 14 μm. Based on these results, further investigation should be conducted to 565 
determine the cause of the differences between the measurements from KCL and to determine an 566 
optimal approach. 567 
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 568 
Figure 14. Differences between the surface spectral emissivities derived at KCL using the substitution 569 
method and the comparative method (𝜀sub − 𝜀comp), shown here over 8 – 14 μm for both the artificial 570 
samples and distilled water when (a) leaving the reflectance of the comparative reference target as 571 
specified by the manufacturer and (b) scaling the absolute reflectance of the comparative reference target 572 
by 0.87. 573 
The increased variability in the MWIR than LWIR observed is likely due to the increased 574 
atmospheric effects in this region, with the DLR measurements of Samples 1 and 2 clearly impacted in 575 
the CO2 region (Figure 4). An alternate explanation for the reduced variability in the LWIR for both 576 
artificial samples could be because this is an area of high emissivity (and thus low reflectance), which 577 
Hecker et al. [27] observed to be areas of better agreement in their intercomparison of emissivity spectra 578 
from different laboratories.  579 
This latter interpretation could also be why the distilled water measurements (with uniformly high 580 
emissivity) had reduced variability compared to the artificial sample SE measurements (which had 581 
variable emissivities between 0 and 1). However, it is more likely that the increased variability of the 582 
SE measurements of the artificial samples is due to the composition of these samples and their 583 
interaction with different setups. Tsilingiris [50] provide a transmittance spectrum for polyethylene 584 
(PE), and considering this against the measured spectra of Samples 1 and 2 in Figure 4, it is clear that 585 
variability amongst the different measurements is lower in the regions where PE has a low 586 
transmittance (~3.5 μm, 6.9 μm and 13.8 μm). In all other spectral regions, the PE forms a multilayer 587 
system which is potentially sensitive to directional illumination characteristics. Differences in the 588 
incident angles upon the samples within the different measurement setups could therefore at least 589 
partly explain the SE variations seen. Given that Sobrino and Cuenca [51] observed that emissivities in 590 
field measurements tended to decrease with increases in observation angle, results from this study 591 
indicate that future work should be conducted to explore whether emissivities from DHR setups in the 592 
laboratory similarly correlate with incident angle. Materials with expected directional behaviour 593 
should in particular be considered. 594 
The observed spectral shifts between different measurements of the specular sample also raise 595 
interesting questions about the impact of incident angles on SE measurements. While this may not be 596 
an issue for non-specular samples without coating (and therefore for most natural samples), these 597 
discrepancies indicate that further work should be conducted to confirm and investigate the impact of 598 
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the incident angle on the spectral stability and absolute emissivity. Spectral shifts of the magnitude 599 
observed in this study will have more implications when working with data from hyperspectral rather 600 
than multispectral thermal imagers. Conversely airborne hyperspectral instruments such as NASA 601 
JPL’s airborne Hyperspectral Thermal Emission Spectrometer (HyTES) sensor have so many 602 
narrowband (18 nm) spectral channels between 7.5 and 12 µm that TES and spectral smoothness 603 
approaches can be applied which reduce the need to prescribe emissivity in advance [52,53]. However, 604 
such TES approaches often rely on laboratory emissivity spectra to derive empirical relationships used 605 
within the algorithm, and so their accuracy is still important even though for each hyperspectral image 606 
pixel the emissivity is directly retrieved [10]. Such wavelength shifts may also have implications for use 607 
of spectral emissivity features in e.g. mineral identification studies [54], and also may affect in situ LST 608 
measurements given that radiometers commonly used in LST validation studies are affected - such as 609 
the Heitronics KT15.85 IIP radiometer with a spectral range of 9.6 – 11.5 μm [16,55]. 610 
Consideration of how the uncertainty of individual SE measurements translates into retrieved 611 
LSTs in Section 3.4 indicates the importance of reducing uncertainties in laboratory SE measurements 612 
to improve remotely sensed LST estimates. While it must be acknowledged that the artificial samples 613 
are not representative of many land surfaces, with most natural surface less reflective in the LWIR, 614 
similar samples may be observed in remote sensing of urban areas (e.g. for urban heat island 615 
monitoring) or monitoring of plastic pollution in water [7,56,57]. 616 
5. Summary and Conclusions 617 
Surface spectral emissivity data collected with twelve different laboratory spectrometer 618 
measurement setups made at seven different laboratories were compared over the MWIR and LWIR 619 
spectral ranges in a Round-Robin inter-comparison exercise. All measurements were based on the 620 
principle of illuminating the sample with an intense source of TIR radiation, measuring the reflected 621 
signal, and converting this to an emissivity spectrum using Kirchhoff’s Law. Three different samples 622 
were used for the exercise. The first two were artificial samples constructed from gold and aluminium 623 
sheets each laminated in PE films that had Lambertian and specular characteristics respectively and 624 
with widely varying emissivity features across the 2.5 – 14 μm spectral range. The third sample was 625 
distilled water, which has a relatively flat emissivity spectra close to unity.  626 
Comparing the measurements from the different laboratories we found that the inter-setup 627 
variability of the SE measurements was larger than anticipated, with differences in magnitude and 628 
spectral shape. Standard deviations of ± 0.092 (15.98%) and ± 0.054 (7.56%) were identified across the 629 
2.5 – 14 μm spectral range for Samples 1 and 2 respectively. Repeated measurements using the same 630 
measurement setup at different times confirmed that observed SE differences were not attributable to 631 
changes in the sample properties over the course of the study but were rather due to the different setups 632 
and measurement procedures used in the various laboratories. Variability was greater in the MWIR 633 
rather than LWIR spectral region, likely due to differing efficiencies of atmospheric purging which 634 
impact this region more. SE differences across the LWIR atmospheric window (8 – 14 μm), which is the 635 
most important for the remote sensing of LST, were ± 0.046 and ± 0.037 respectively for Samples 1 and 636 
2, and most of the Sample 2 SE measurements were within 0.02 of the mean. The greater variability for 637 
the specular sample (Sample 1) over this region was attributed to spectral shifts, with differences 638 
between identification of spectra maxima and minima of up to 0.09 μm between different setups, and 639 
up to 0.13 μm between different positional permutations on one setup were observed in the 9.8 – 11 μm 640 
spectral range in particular. Investigation indicated potential causes of these spectral shifts to be 641 
different sample orientations during measurements or differences in the incident angles within the 642 
different measurement setups. The latter cause was also identified as a potential cause of the absolute 643 
emissivity differences. Further investigation is therefore recommended into the impact of directional 644 
effects in laboratory measurements of emissivity (particularly for materials with known directional 645 
behaviour) given recent advances into understanding the angular dependence of emissivity for field 646 
and satellite measurements [6,58].  647 
  Remote Sens. 2020, 12, x FOR PEER REVIEW 27 of 45 
Use of different reference standards was found to contribute to the observed SE differences 648 
between different laboratory measurements but not to be the sole factor. Nonetheless, the differences 649 
observed from use of a different reference standard suggest that uncertainty in the reference standard 650 
calibration is a key factor in emissivity uncertainty in laboratory measurements. Regular calibration of 651 
the reference standards is recommended to reduce this uncertainty. 652 
SE variability was comparatively lower for distilled water than for the artificial reference samples, 653 
with a mean emissivity of 0.962 ± 0.028 determined over the 2.5 – 14 μm spectral range. These 654 
uncertainties are larger than those observed in other studies but standard deviations were reduced to 655 
0.008 when discounting measurements from one laboratory with a consistent negative bias (likely 656 
indicating inaccurate calibration of their reference target). Other contributions to the SE differences 657 
included the method of calibration to reflectance, different incident angles and the placement of the 658 
sample and reference standards within the same setup. Regarding the setup at KCL, the primary 659 
laboratory used in this study, the measurements indicate that the comparative method of calibration 660 
was closer to the mean of all measurements. However consideration of the distilled water suggested 661 
instead improved performance using the substitution method and therefore further investigation is 662 
recommended. 663 
  The impact of the determined spectral emissivity differences on LST retrieval was evaluated 664 
by considering a typical mid-latitude summer scene with the surface emissivities set to the sample 665 
emissivities convolved to the ASTER TIR bands. With Sample 2 (the diffuse sample) considered more 666 
representation for natural surface than Sample 1, use of the three samples in this simulation provided 667 
LST error estimates over diffuse surfaces, over an extreme case of 100% specular surfaces and over 668 
water bodies. Calculated LSTs using the convolved artificial sample emissivities ranged by over 3.5 K 669 
in each band, with a maximum difference of 17.8 K (Sample 1, Band 13). The range of the LSTs 670 
calculated using distilled water spectra convolved to the ASTER TIR bands (and thus an error estimate 671 
for retrieval of LST over water bodies) was lower, but still around 2.5 K. The variability of the artificial 672 
samples and the distilled water emissivities measured at different laboratories would therefore result 673 
in uncertainties in LST estimates that exceeded the target accuracy requirements for satellite 674 
observations of land surface temperature, even without considering contributions from atmospheric 675 
effects.  676 
Overall, our findings highlight the need for the infrared spectroscopic community to work towards 677 
standardized and inter-laboratory comparable results, with regular calibration of reflectance standards 678 
and the laboratory setup against SI traceable standards. 679 
 680 
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Appendix A  699 
The measurement system and processes of each laboratory that participated in the Round Robin 700 
spectral emissivity inter-comparison are summarised below in the order that the measurements were 701 
made. 702 
1. NCEO, King’s College London (KCL) 703 
1.1 Setup and Measurement Settings 704 
The setup deployed at NCEO (National Centre for Earth Observation) King’s College London 705 
(KCL) was based on that at the University of Twente Faculty ITC (UT-ITC), described by [27]. It consists 706 
of a Bruker VERTEX 70 FTIR spectrometer modified with an external liquid-nitrogen-cooled HgCdTe 707 
(MCT) detector and an external integrating sphere of diameter 150 mm with an interior diffusely 708 
reflecting gold coating and a 30 mm sampling port to enable directional-hemispherical reflectance 709 
measurements of large, inhomogeneous samples (Figure A1). There are two internal sources (an air-710 
cooled globar for the MIR and a tungsten lamp for the NIR) and an external high-power water-cooled 711 
globar for the MIR. The external IR source was used for this study for improved signal-to-noise ratio. 712 
In addition to the MCT detector, the sphere is equipped with an external InGaAs detector for 713 
consideration down to the NIR, thus enabling spectral measurements from 0.7 to 16 μm. The entire 714 
system (including the integrating sphere) is continuously purged with H2O- and CO2 free air at a flow 715 
rate of at least 200 L/h to reduce atmospheric features in the spectra and prevent degradation of the KBr 716 
beamsplitter. The incident beam has to be convergent at an angle of 3 – 4°. The incidence angle is 12° in 717 
order to prevent the specularly reflected part from escaping through the entrance hole. The measured 718 
sample area is about 25 mm in diameter. Spectrometer settings used in this study are given in Table 719 
A1. 720 
 721 
Figure A1. The VERTEX 70 spectrometer setup at King's College London with details highlighted. 722 
  723 
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Table A1. Standard measurement settings for the VERTEX 70 Spectrometer setup at King’s College 724 
London. 725 
Parameter Settings 
Spectral resolution 0.5 cm-1, 4 cm-1 and 8 cm-1 
Spectral recording range 2.5 – 16 μm (4000-625 cm-1) 
Aperture setting 4 mm 
Phase resolution 32 cm-1 
Phase correction mode Mertz 
Apodization function Blackmann-Harris 3-Term 
Zero-filling factor 2 
 726 
1.2 Method of Reflectance Calculation 727 
The design of the sphere at King’s allows for both the substitution and the comparative calibration 728 
procedures, with an internal rotating mirror to enable the comparative method, as shown in Figure A2. 729 
To perform a reference measurement in comparative mode, the folding mirror of the sphere (which 730 
also acts as a baffle) is rotated such that the incoming energy is reflected onto the gold-coated sphere 731 
wall instead of the sample. After the reference measurement, the folding mirror is rotated back and the 732 
sample in the sample port measured. 733 
 734 
Figure A2. A sketch of the instrument setup at King’s as it was used for this study, with the external 735 
MIR source deployed. The dashed beam path inside the sphere shows the beam position when the 736 
comparative calibration method is deployed, and the sphere wall is used as the reference material 737 
(marked ‘C’ in the sketch).  738 
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Both the substitution (KCL_sub) and the comparative (KCL_comp) methods were utilised for this 739 
study, in order to analyse the performance of each method. For the substitution method, a Labsphere 740 
Infragold target (~13 cm ×  13 cm) with a stated reflectance of 98% above 1000 nm was used as the 741 
reference target (Figure A3b) while the internal wall of the integrating sphere (Figure A3a), with a 742 
stated reflectance of 95% above 1000 nm was the reference material for the comparative method. Hecker 743 
et al. [27] experienced problems with the comparative approach of calibration, since the slightly 744 
different path lengths provided by the two mirror positions led to strong residual influences of 745 
atmospheric gases on the resulting reflectance spectra (despite continual purging). The King’s system 746 
was designed to produce identical average path lengths for the calibration and sample measurements 747 
in order to avoid this issue. 748 
 749 
Figure A3. (a) The inside of the integrating sphere (image taken during installation) and (b) the diffuse 750 
Infragold target used as the reference target for the substitution method of calibration for the setup at 751 
King’s College London. 752 
Sample reflectances (𝜌sample) are calculated from the single channel average scans using [A1], taken 753 






where 𝑉sample , 𝑉ref and 𝑉open are the single channel scans in arbitrary units, and 𝜌ref is the 757 
reflectance spectrum of the standard material (all wavelength λ dependent). 758 
The number of scans collected depends on the signal available for each material, with a larger 759 
number of measurements made for low signal spectra (e.g. open port or distilled water). In this study, 760 
500 scans were made for a reference measurement, 1000 scans for an open port measurement, 500 scans 761 
for each of the artificial samples and 1000 scans for the distilled water. A full measurement sequence 762 
(sample, reference and open port) generally takes 30 minutes. Once collected, the single channel scans 763 
are co-added and averaged to provide a mean single channel measurement spectrum for each sample, 764 
reference standard and open port. A correction was applied for the substitution error as detailed in [33] 765 
as in the NASA-JPL methodology. Emissivity spectra (𝜀sample) as a function of wavelength are 766 
calculated from the reflectance spectra using Kirchhoff’s Law [A2]: 767 
𝜀sample(𝜆) = 1 −  𝜌sample(𝜆) 768 
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2. Optosol GmbH (Optosol) 770 
The set-up applied by Optosol GmbH is based on a Bruker VERTEX 80 (Figure A4) and belongs to 771 
Fraunhofer Institute for Solar Energy Systems in Freiburg, Germany. The samples and references are 772 
mounted simultaneously (comparison method) vertically at the infra-gold sphere wall (200mm inner 773 
diameter), in contrast to the others (Figure A5). Therefore, we prepared solid state samples for the 774 
round robin. The measured area is below 20mm in diameter. The down-looking MCT detector limits 775 
the spectral range to 1.7 – 17 µm. The parameters for the measurements are shown in Table A2. The 776 
specular reference and the diffuse reference are calibrated against a primary standard by NPL, 777 
Teddington, UK. Both sample and reference measurement consist of 512 co-added scans, with the full 778 
measurement sequences typically taking 30 minutes. 779 
 780 
Figure A4. The set-up applied by Optosol GmbH, based on a Bruker VERTEX 80. 781 
 782 
Figure A5. The integrating sphere setup at Optosol GmbH 783 
  784 
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Table A2. Standard measurement settings for the setup applied by Optosol. 785 
Parameter Setting 
Spectral resolution 8 cm−1 
Spectral recording range 1.47 – 17.5 μm (6800-570 cm−1) 
Aperture setting 4 mm 
Phase resolution 32 cm-1 
Phase Correction mode Mertz 
Apodization function Blackman-Harris 3-Term 
Zero-filling factor 16 
3. NASA Jet Propulsion Laboratory (NASA-JPL) 786 
Measurements at the NASA Jet Propulsion Lab (NASA-JPL) were made with a Nicolet 6700 FTIR 787 
spectrometer equipped with a down-looking 5-inch (~127 mm) diffuse gold coated integrating sphere 788 
with a 1.5inch (~38 mm) sample port manufactured by Labsphere. The reference plate is also diffuse 789 
gold (Infragold), with reflectance calculated using the substitution mode of calibration. The 790 
measurements of the two samples (1 and 2) and distilled water were made at three spectral resolutions, 791 
0.5, 4, and 8 cm-1. The usual mode of measurement is 4 cm-1 resolution, with a correction made for loss 792 
at the sphere at this resolution [33]. 793 
To avoid damage to the samples, the artificial samples were not placed directly against the sphere 794 
(distance from port <1 mm) during measurement. The instrument was purged continuously (30 psi at 795 
a flow rate of 30 cubic feet/hr). A single measurement of 512 scans was collected of the reference, while 796 
three repeat measurements of 512 scans were collected, co-added and averaged for each sample 797 
measurement to improve signal-to-noise. A full measurement sequence took around 25 minutes. 798 
Table A3: Standard measurement settings for the setup at NASA-JPL. 799 
Parameter Setting 
Spectral resolution 4 cm−1 
Spectral recording range 1.47 – 17.5 μm (6800-570 cm−1) 
Aperture  8 mm 
Phase Correction mode Mertz 
Apodization function Happ-Genzel 
Zero-filling factor 0 
 800 
4. University of Twente Faculty of Geo-Information Science and Earth Observation (UT-ITC) 801 
The instrument setup and general measurement procedures are explained in depth in [27]. 802 
Differences to the published procedures are (1) N2 purge gas of 100 L/h has been replaced with 803 
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laboratory purge gas generator of 200 L/h and (2) the use of the substitution method for calibration with 804 
an Infragold standard, shown in Figure A6. 805 
 806 
Figure A6. The Infragold reference standard used by UT-ITC for their calculation of reflectance. 807 
24h before start of measurements the purge was started at 200 L/h and the external globar source 808 
was started, with both remaining on until the end of campaign. Each measurement day the MCT 809 
detector is cooled with LN2 in the morning. After this warm start, a 1h stabilization time is used before 810 
start of measurements. The (already cold) dewar was refilled over lunch, with a waiting time of 15 811 
minutes following this. 812 
Samples 1 and 2 and dark current (open sample port) were measured for 4 cm-1 and 8 cm-1. One 813 
gold (reference) measurement of 512 scans is followed by eight sample measurements of 512 scans 814 
without moving the sample. These eight sample measurements are then averaged. A full measurement 815 
cycle takes around 40 minutes, which includes delays for purging the instrument after sample swap. 816 
5. Planetary Spectroscopy Laboratory (PSL) at the German Aerospace Center (DLR) 817 
Currently PSL operates two identical Bruker VERTEX 80v vacuum FTIR spectrometer; one 818 
spectrometer is equipped with aluminium mirrors optimized for the UV, visible and near-IR spectral 819 
ranges, the second features gold-coated mirrors for the near to far IR spectral range. Hemispherical 820 
reflectance is measured under purging conditions, covering the 0.2 μm to above 200 μm spectral range. 821 
The two instruments share the collection of detectors, beamsplitters, and optical accessories that are 822 
available in their equipment to cover a very wide spectral range, and this facilitates the cross-calibration 823 
procedures.  824 
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 825 
 Figure A7. The laboratory setup at PSL 826 
The instruments and the optical accessory units used are fully automatized and the data calibration 827 
and reduction are made with quality-controlled software, developed following the DLR quality 828 
management rules. Figure A7 shows the PSL laboratory. Two integrating spheres (one with gold coated 829 
surfaces, the other with PTFE coating) are available for hemispherical reflectance measurements. 830 
Reflectance measurements are calibrated by comparing with spectroscopic measurements of well 831 
characterized references (PTFE for UV, Spectralon for VIS, Infragold for MIR). Figure A8 shows the 832 
integrating sphere that was used to measure the two Optosol samples (1 and 2), the distilled water 833 
sample, and the reference (Infragold) that was used for calibration. 834 
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 835 
Figure A8. Gold coated integrating sphere and reference used for the experiment at PSL (DLR). 836 
The measurement process is as follows. Firstly, a reference spectrum is acquired for each set-up. 837 
Then the spectrometer software allows measuring the sample and directly divide its spectrum for the 838 
measured reflectance. As a result, one has the relative reflectance of the sample to the reference used 839 
(Infragold in this case). By dividing for the real Infragold reflectance spectrum (provided from the 840 
producer of the reference itself), one gets the absolute hemispherical reflectance of the sample. 841 
The number of scans depends on the spectral resolution. At 0.5 cm-1 resolution, 300 scans were 842 
collected for both the background and the sample, with a total running time from start of background 843 
to end of sample measurement of 30 minutes. At 4 cm-1 and 8 cm-1 resolution, 1000 scans were collected 844 
for both the background and the sample, with a total running time from start of background to end of 845 
sample measurement of 30 minutes and 16 minutes respectively. 846 
6. ONERA 847 
The instrumentation is a Bruker Equinox 55 FTIR spectrometer equipped with a Labsphere 5inch 848 
(~130mm) diameter Infragold coated integrating sphere. The sample is placed at the bottom of the 849 
sphere, facing the 36mm diameter input port as shown in Figure A9. The sphere compartment is purged 850 
with nitrogen. 851 
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 852 
Figure A9. Bruker Equinox 55 with its integrating sphere in ONERA. The sample is on the lifting 853 
platform below the sphere. 854 
The last Bruker conformity certificate was obtained on 22/11/2017, with a 2-year validity. The 855 
principal parameters of the set-up are summed-up in Table A4. 856 
Table A4. Principal parameters used for the setup at ONERA.  857 
Parameter Setting 
Spectral resolution 0.5 cm-1 (IRIS 2.1mm), 4cm-1 (IRIS 6.1 mm) and 8 cm-1 (IRIS 7 mm). 
Spectral range 2.5 – 1 6 μm (4000 - 625 cm-1) 
Averaging 256 scans 
TF parameters Blackmann-Harris apodization, zero-filling factor 2 
 858 
The measurement is a directional (13° incidence) hemispherical reflectance and obtained using 859 
four successive acquisitions of 256 scans each to compensate for the substitution error (see Figure A10). 860 
At 4 cm-1 resolution, a full measurement cycle takes approximately 10 minutes. 861 
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 862 
 863 
Figure A10. Direct and tilted beams for the compensation of the sphere substitution error at ONERA. 864 
Hemispherical reflectance denoted 𝑅dh is then retrieved from these successive measurements 865 















ref: Measurement of the standard sample (reference), direct beam 870 
𝑀ref
ech: Measurement of the sample, direct beam 871 
𝑀indir
ref : Measurement of the reference, tilted beam 872 
𝑀indir
ech : Measurement of the sample, tilted beam 873 
𝑅ref: the standard spectral reflectance (flat Labsphere IRS-94-020 Infragold sample) (see Figure A11) 874 
 875 
 876 
Figure A11. The Labsphere Infragold sample used at ONERA. 877 
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A4 880 
The first term is both a bias and a noise contributor, the second one is a noise contributor while the 881 
last one is mainly a bias term. The first two terms are typically lower than 1-2%, outside the absorption 882 
bands and the last term depends on the standard reflectance knowledge given by Labsphere. Previous 883 
round robins and intercomparisons exhibit an overall error of approx. 3%. 884 
7. CSIRO 885 
Measurements were performed using two setups. The first is a Bruker VERTEX 80v spectrometer 886 
with a Bruker integrating sphere attachment, mounted in the central sample chamber of the 887 
spectrometer, shown in Figure A12. The sphere is gold coated with a speckled surface, with an entrance 888 
port on the right-hand side, a central mirror which allows pointing of the beam on either the top or 889 
bottom ports. Both ports are knife edge, with the top port located on the upper right hemisphere of the 890 
sphere, whereas the bottom is directly below the mirror. The detector port is at the back, with 3 gold 891 
baffles. The bottom port is accessed by a sliding tray which is sprung to move upwards to seal the 892 
sample to the port. This allows samples to only be approximately 50 × 50 mm in dimensions and 893 
approximately a maximum of 20 mm thick. Samples also must be flat. Round, aluminium cups are used 894 
to hold powders or soil samples, which are used in the bottom port. A gold plug is also provided, which 895 
is flat, resulting in the port having a flat surface. The top port has a curved plug, in contrast to the 896 
bottom port. There is potential that the reflectance from the top and bottom ports would produce 897 
different results due to the different path distance of the sample beam. 898 
 899 
Figure A12. The Bruker integrating sphere and MCT detector in the Bruker VERTEX 80v sample 900 
compartment at CSIRO. 901 
The sphere has a purge line built in, but it is unclear if it is operational. The upper sample port 902 
only allows for smaller samples which preferably are flat. The Bruker VERTEX 80v has a sealed optics 903 
bench, allowing it to be purged and held under vacuum, reducing the interference of atmospheric 904 
gases.  905 
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The second setup was a Agilent 4300 Handheld FTIR, shown in Figure A13. The reference for this 906 
setup is a coarse silver target. The handheld data was only collected at 4 cm-1 resolution and only for a 907 
short 64 scan duration, which took approximately 60 seconds. 908 
 909 
Figure A13. (a) The setup at CSIRO using the handheld Agilent 4300 FTIR with (b) a coarse silver 910 
reference target. 911 
With the Bruker 80v spectrometer, measurements on Sample 1 and Sample 2 were collected with 912 
both the bottom port and top port for comparison. Due to the size of the laminate of the samples, it was 913 
required to hold them flat against the top port to clear the surrounding hardware (Teflon gasket 914 
between the entrance port) as shown in Figure A14.  915 
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 916 
Figure A14. A view of Sample 1 being held in position over the top port. 917 
A measurement was taken of the wall as a reference in both sample orientations as a comparison 918 
to the use of the opposite port. As such, measurements of each sample were made in four configurations 919 
(BG-B_S-T, BG-T_S-B, BG-W_S-T and BG-W_S-B where BG and S refer to reference and sample 920 
measurement positions respectively and B, T and W to the bottom port, top port or wall). The 921 
measurement of the wall was not exactly replicable each time, as a makeshift stopper was used to 922 
position the internal sphere mirror each time (i.e. a pencil was placed in the level mechanism to 923 
approximate the wall location). In newer versions of this Bruker sphere a 3-position switch has been 924 
created by the manufacturer to allow for wall reference measurements, but the sphere at CSIRO is an 925 
older version which does not have this capability. Parameters used for this experiment are shown in 926 
Table A5. For the Bruker FTIR, all sample and references measurements consisted of 256 scans. It took 927 
110 seconds for the sample measurement and an additional 110 seconds for the background at 4 cm-1, 928 
48 seconds each at 8 cm-1 and 389 seconds each at 0.5 cm-1. 929 
The demineralised water was measured in the Bruker-supplied black aluminium sample cups and 930 
placed in the bottom port. 931 
  932 
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Table A5. Parameters used for the Bruker 80v FTIR spectrometer setup at CSIRO. 933 
Parameter  Setting 
Spectral resolution  4cm-1 and 8 cm-1  
Spectral range  1.3 – 20 μm (7500 - 500 cm-1)  
Averaging  256 scans 
Aperture  6 mm 
TF parameters  Blackmann-Harris apodization, zero-filling factor 2 
  934 
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